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Shifting the operating frequency of magnetoelectric sensors A method is presented for increasing the operating frequency of symmetric and asymmetric magnetoelectric (ME) sensors so that the operating frequency can be equal to the mechanical resonance frequency of the sensor. This increase improves the signal to noise ratio of a symmetric sensor by at least two orders of magnitude because it mitigates the effect of 1/f noise and the sensor has an increased response at its resonant frequency. The method is based on the strong, nonlinear magnetic field dependence of the magnetostriction. Our method has lowered the detection limit to 4 pT/ ffiffiffiffiffi ffi Hz p at 1 Hz in a magnetically unshielded environment. Magnetoelectric (ME) laminate sensors are passive sensors composed of mechanically coupled magnetoelectric and magnetostrictive material.
1,2 ME sensors are more sensitive than all but the most expensive, current sensors. In the presence of a magnetic field, the magnetostrictive material exerts a stress on the piezoelectric material, which in turn generates a charge. The geometry of the layers in a ME sensor may be symmetric (e.g., Metglas-PZT-Metglas trilayer) or asymmetric (e.g., Metglas-PZT bilayer) about a central plane parallel to the layers. The longitudinal, resonant frequency of symmetric ME sensors is of order 10 or more kHz. The bending, resonant mode of unloaded asymmetric sensors in a cantilever configuration is often in the range of hundreds of hertz. Because their output depends on the amount of strain, larger ME sensors tend to have greater sensitivity; often, dimensions are in the centimeters. ME sensors also have increased sensitivity at their mechanical resonant modes. 3 Similar to other magnetic sensors, 1/f noise in ME sensors limits their detectability at low frequencies. Thus, it is desirable to increase the operating frequency to frequencies where 1/f noise is less important. Further improvement is possible if this shifted, higher operating frequency is equal to the resonant frequency.
Using MEMS technology, one can increase the operating frequency of small magnetic sensors to tens of kilohertz by modulating the magnetic field at the position of the sensor. 4, 5 Because of the need for moving a larger mass flux concentrator it is very difficult to use these to modulate the magnetic field of centimeter sized sensors. Modulation frequencies of 100 Hz were achieved using flux concentrators on a rotating disk, but unfortunately acoustic vibrations increased the background noise. An alternative approach that is difficult for large flux concentrators is to thermally modulate their magnetic properties. 6 In an early form of ME composites, an electric field was applied to modulate the piezoelectric material. 7 We have been able to demonstrate separate methods for increasing the operating and resonant frequencies of ME sensors. The increase in the resonant frequency was achieved by applying a restoring torque to an asymmetric sensor in a cantilever configuration. 8 Here we describe using a time varying magnetic field to increase the operating frequency of ME sensors. Because of the nonlinearity of the bias response of magnetostrictive materials, 9 the time varying magnetic field has the effect of increasing the operating frequency of ME sensors. For itinerant systems, 10,11 the magnetostrictive response is given by
where V, K, D, and M are the volume, the isothermal compressibility, the electronic density of states at the Fermi energy, and the magnetization density, respectively. We assume that M is proportional to the field H and take
where H s , H m , x s , and x m are the magnetic signal amplitude to be measured, the magnetic modulation amplitude, signal frequency, and modulation frequency, respectively. By substituting Eq. (2) into Eq. (1), one finds that there is a term in the magnetostrictive response of the form H s H m Sin x s t Sin x m t. The transfer of this strain to the piezoelectric layer(s) creates sidebands in the ME output at x m 6 x s with amplitudes proportional to H s H m . We applied ac magnetic modulation fields in the measurement direction of both symmetric and asymmetric ME sensors. The symmetric sensor consisted of a core layer of longitudinally poled lead zirconate titanate (PZT) sandwiched between 6 layers of Metglas (Vitrovac 7600 F, Vitrovac Inc. 
cm Â 1 cm Â 0.5 cm and consisted of three layers of 25-lm Metglas/200-lm nickel/300-lm PZT, all mechanically coupled with epoxy and fixed at one end in a cantilever configuration. The Ni provided a field to self-bias field the ME sensor.
Helmholtz coils, powered by an Agilent 33 220 A signal generator were used to apply the signal field H s along the longitudinal axis of the sensor. Solenoid coils applied both the dc and the modulation field H m . The signal was detected using a charge coupled amplifier, PCB Piezotronics model 441A101, and then filtered in a SR640 low-pass filter with no gain before being sent either to a spectrum analyzer that uses a LabVIEW VI program or to a SR830 DSP Lock-In Amplifier. No magnetic, electric, and thermal shielding was employed, but acoustic noise reduction above 1.8 Hz was provided by a Hertz DT-M vibration isolator.
The ME response from a signal field H s of 0.0162 Oe at a frequency f s 140 Hz as a function of a dc bias field is shown in Fig. 1 for both the asymmetric and symmetric sensors. Both responses are strongly dependent on the dc field and are approximately symmetric functions of this bias. The Ni layer in the asymmetric sensor maximized the sensitivity at zero dc field. 12, 13 The modulation from sinusoidally sweeping H m is optimized when the ME output of the sensor parabolically oscillates between its minimum and a much larger value.
The output power spectrum of the symmetric sensor at two different modulation frequencies f m is shown in Fig. 2 . In both cases, H m was 0.72 Oe and H s was 0.0162 Oe at 1.019 Hz. The three main peaks in each spectrum correspond to f m and the two sidebands f m þ/Àf s . The f m of 28.9 kHz was chosen so that the f m Àf s sideband matched the longitudinal resonant frequency of the sensor. In this case, all three peaks were enhanced by two order of magnitude due to the increased sensitivity near the resonant frequency. A related, recent work used a similar technique on different sensors to decrease noise below 10 Hz.
14 Environmental noise and the fact that they used very different sensors no doubt contributed to the higher noise floor of 64.5 nT/ ffiffiffiffiffi ffi Hz p they measured. The signal-to-noise ratio (SNR) of the sidebands of the symmetric sensor is shown in Fig. 3 sidebands and background noise increased with increasing H m . The optimal SNR occurred near an H m of 0.5 Oe. In Fig.  4 , both the direct output with an optimal dc bias of 6.9 Oe and the demodulated output from a 0.47 Oe H m at 28.9 k Hz are plotted as a function of H s at 1.019 Hz. When H m was applied, no dc bias was employed. One sees an increase in field detectivity of the symmetric sensor of a factor of 10 obtained by the modulation technique. We were able to detect a 4 pT/ ffiffiffiffiffi ffi Hz p field at 1 Hz in a magnetically unshielded environment. Figure 5 shows the power spectrum of the asymmetric sensor in the same 1.019 Hz H s field but with H m at two different frequencies. In both cases, there was a dc bias field of 4.6 Oe and H m of 3.6 Oe. The frequency of H m was either set at 84.4 Hz, which is far below the 138.7 Hz bending mode resonance of the sensor, or at 139.7 Hz, which is 1.019 Hz above the bending mode, resonant frequency. In this later case, the lower frequency sideband f m -f s was at the resonant frequency. The amplitude of said sideband was increased relative to the higher frequency sideband by the increased sensitivity at the resonance frequency. This was quite different from what is shown in Fig. 2 where the sidebands of the symmetric sensors were equal in magnitude because both were within the width of the resonance. The improvement of the lower frequency sideband for the asymmetric sensor relative to the direct signal was about an order of magnitude. In the off-resonance case where the sideband amplitude was lower, the SNR was increased by 1.5 order of magnitude relative to the direct signal. If the background were not increased by the modulation, at resonance the SNR in the power spectrum of the lower frequency sideband would be 6 orders of magnitude larger than the direct signal. Thus, it is important to understand and, if possible, decrease the background when the field is modulated near resonance. Further increases in sensitivity could then be achieved by lowering the noise floor (e.g., 1/f or pickup) near resonance through a shift to a higher frequency using the aforementioned restoring torque technique.
In conclusion, we have demonstrated that applying an oscillating magnetic field to ME sensors increases their operating frequency and their sensitivity. The improvement occurs because of the decrease in 1/f noise and, in some cases, because one can take advantage of the larger response at the mechanical resonant frequency. For symmetric sensors near resonance, the SNR in the power spectrum was increased by two orders of magnitude, and we were able to sense 4 pT/ ffiffiffiffiffi ffi Hz p at 1 Hz in a magnetically unshielded environment. At room temperature, this is orders of magnitude lower than giant magnetoresistance sensors and comparable to low-noise fluxgates. 15 Furthermore, if one can decrease the background noise near resonance when the ac field is applied, then the sensitivity can be greatly enhanced.
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